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Abstract. The frequency of the centroid of the transition 4d°5s? 2D5/2 — 4d%6p 2P3/2 in Ag I has
been determined by laser spectroscopy of a collimated metastable thermal atomic beam. We find v =
547 376 388(60) MHz. The isotope shift v('*?Ag) —v(1°"Ag) = —982.6(5.4) MHz. For the magnetic hyper-
fine structure constant of the 4d'°6p 2P3/2 state, assuming 1J coupling, we find, A(*°"Ag) = —8.4(6) MHz

and A('®Ag) = —10.2(6) MHz.

PACS. 32.10.Fn Fine and hyperfine structure — 32.30.Jc Visible and ultraviolet spectra

1 Introduction

The spectrum of the silver atom has been studied by op-
tical spectroscopy for more than 50 years [1]. Most of
this work has been performed by analysing the emission
spectra of discharge lamps, while measurements by laser
spectroscopy have been confined to transitions from the
ground state, in particular the D-lines at A = 328 nm and
338 nm [2,3]. A fair amount of atomic structure calcula-
tion has been carried out on the alkali-like configurations
4d*nl [4]. In 1976, the very narrow two-photon transition
4d'95s %S /5 — 4d?5s% 2Dj 5 in silver [5] was proposed as
a candidate for an optical frequency standard by Bender
et al. [6] (Fig. 1). Since then, developments in laser cooling
and trapping of atoms have rekindled interest in this tran-
sition [7]. Indeed, a sample of silver atoms has been con-
fined in a magneto-optical trap by the group of Walther in
Garching [3] with a view to observing the transition with
a narrow linewidth. In our own group, we aim to excite
the same transition in a thermal atomic beam as a pre-
lude to work on cold atoms. An indirect measurement of
the frequency required to excite the two-photon transition
has been carried out by Larkins and Hannaford [8] who
measured the emission wavelengths from a hollow-cathode
discharge of the line 4d°5s* 2Dj,5 — 4d'%6p 2P/ near
547 nm and that of the 4d'%5s 281/2 — 4d'"%p 2P3/2 tran-
sition near 206 nm.

One of the principal difficulties is the detection of
atoms in the metastable 4d”5s2 2D5/2 state. Laser exci-
tation of the 4d%5s? 2D5 ;5 — 4d*°6p 2P3,5 transition is
an attractive option since the UV fluorescence at 206 nm
resulting from the decay of the 4d'%6p 2P, /2 level is easily
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Fig. 1. Partial energy level diagram for Ag I.

observed using a photomultiplier combined with an inter-
ference filter.

In this article we report measurements of the absolute
frequency, isotope shift and hyperfine splittings of the line
at 547.5 nm performed by laser spectroscopy of a colli-
mated thermal atomic beam. Dinger et al. [9] studied this
and other transitions in both the stable and radioactive
isotopes of silver, using on-line collinear laser spectroscopy
of a fast beam. Our work is intended as a cross-check of
their results.

2 Experimental set-up

The layout of the experiment is shown in Figure 2. The
principal elements are the atomic beam apparatus and the
laser sources and frequency calibration system.
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Fig. 2. Experimental set-up. Key: CFP confocal Fabry Perot,
CM curved mirror, IF interference filter, IS iodine spectrom-
eter, O oven, PD photodiode, PM photomultiplier, RDL ring
dye laser, S slit.

Atomic beam unit

2.1 Atomic beam

The atomic beam unit consists of three vacuum cham-
bers evacuated independently by turbo-molecular pumps.
Circular apertures (1 cm diameter) guarantee differential
pumping of each region. Silver atoms are evaporated at
1200 °C in a thin-walled tantalum oven similar to that de-
scribed by Benton et al. [10]. The atoms pass into a second
chamber where a small fraction of them (less than 1076)
is excited to the metastable state wvia electron bombard-
ment. The electron gun is a triode along the same lines as
that described by Biraben et al. [11]. The mean cathode-
grid voltage is about —6 V with the anode maintained
at +700 V relative to the grounded grid. The emission
current obtained from three filaments in parallel is typi-
cally 0.45 mA. Electron bombardment causes a deflection
of the metastable beam by 102 rad and a dispersion by a
comparable amount. In a third chamber, the atoms pass
through a translatable slit of width 1.5 mm, after which
the metastable atoms interact with the laser beam which
intersects their trajectory at right angles. The fluorescence
at 206 nm is observed with a photomultiplier (Hamamatsu
model R6834) located outside a sapphire re-entrant win-
dow. Light collection efficiency is increased via the use of
a spherical mirror (diameter 90 mm, radius of curvature
60 mm) situated beneath the interaction region. Scattered
laser light at 547 nm as well as radiation from the oven
and the filament of the electron gun are reduced by the use
of an Aquadag coating of the walls of the third chamber
and an interference filter (Omega Optical 210BP10 peak
transmission 12.5%, full width at half maximum 10 nm).

2.2 Laser source and frequency calibration

The experiment was performed using a ring dye laser
(Coherent model 699-21 with rhodamine 560 dye). Since
the transition 4d°5s> 2D5/2 — 4d"%p 2P3/2 involves the
change of two electron orbitals, it is allowed only by con-
figuration mixing and requires a high optical intensity
in order to excite it. We use typically a laser power of
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Fig. 3. Scan over the hyperfine component (F =3 — F' = 2)
of the transition 4d°5s2 2D5/2 — 4d*%6p 2P3/2 for the isotope
197 Ag and hyperfine components of the molecular iodine spec-
trum. The taller iodine peaks correspond to the line R22(27-1),
the shorter ones to P29(30-2). The middle vertical axis indi-
cates the number of counts per 0.5 s. Marker fringes from the
Fabry Perot cavity are shown below.

300 mW for a beam radius w = 5 mm in the interac-
tion region. The laser polarisation is perpendicular to the
plane containing the laser and atomic beams. In princi-
ple, a greater fluorescence signal would be observed for an
orthogonal polarisation. In our own experiment, the inser-
tion of a polarisation rotator caused a loss of optical power
and hence no overall gain in signal; all data reported here
were taken without it. To measure hyperfine intervals and
the isotope shift, the laser frequency was scanned either
across the hyperfine structure of a single isotope (a span
of about 800 MHz) or else across the entire spectrum of
both isotopes (2 GHz). To measure the frequency of the
transition, we compared it with that of absorption lines in
1271, observed using saturated absorption spectroscopy.
In this case, the laser frequency was scanned over about
2.5 GHz so as to include a single hyperfine component
F =3 — F' = 2 in %7Ag and hyperfine components
of the transitions R22(27-1) and P29(30-2) of molecular
iodine (Fig. 3). Frequency calibration was provided by
marker fringes of an invar confocal Fabry Perot cavity
(free spectral range 150 MHz) maintained under vacuum
at 1072 mbar.

3 Experimental spectra

A spectrum spanning the hyperfine structures of both
isotopes is shown in Figure 4. Typical signals of 100-
200 counts per second are obtained for the most intense
hyperfine component (F = 3 — F’ = 2 in ©7Ag) The
linewidth of 15 MHz contains contributions from residual
Doppler broadening and laser frequency jitter (< 2 MHz)
as well as the 3 MHz natural width. The ambient magnetic
field, measured with a 3-axis magnetometer (Bartington
model MAG-03MC) was less than 0.5 G (5 x 107° T),
corresponding to a broadening wvia the Zeeman effect of
less than 1 MHz. The hyperfine structure of the 6p ?P5 /2
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Table 1. Values (in MHz) of hyperfine splittings and constants and isotope shift dv

107,109 ghtained from 20 scans using frequency

calibration with a FP cavity and an accurately known magnetic hyperfine constant.

calibration method calculated parameter value statistical uncertainty
A(Ds)2)("'TAg) = —126.2818  A(*D5,2)(**?Ag) —145.12 0.36
A(PP3/2) (" Ag) —8.42 0.18
A(PP3/2) (" Ag) -10.17 0.20
Sp107:109 —982.49 1.51
A(®Ds.2) (" Ag) = —145.1584  A(*Ds,2)(*°" Ag) —126.33 0.32
A(PP3,2) (""" Ag) —8.43 0.19
A(PP3,0) (" Ag) —-10.16 0.19
Spto7:109 —982.81 1.80

FYR=1/50 MHz

aul.
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Fig. 4. Scan over the hyperfine structure of the transition
4d°55? 2D5/2 — 4d"%6p 2P3/2 for the isotopes 1% Ag and 1°7Ag.
The upper vertical axis indicates the number of counts per
0.5 s. Marker fringes from the Fabry Perot cavity are shown
below.

state is partially resolved in both isotopes. At first sight,
the relative intensities of the three hyperfine components
(F=2—-F=2F=2—-F=1land F=3—F =2)
do not lie in the ratio 1:9:14 as expected from angular
momentum considerations. In particular, the intensities
of the first two components are similar. Nevertheless, this
can be accounted for by wing effects when a best-fit Voigt
profile is used to analyse the data. Mixing of hyperfine
levels by the Zeeman effect would lead to an increased
amplitude of the (2-2) component but should also give
rise to an additional resonance (3-1) which we do not
observe. However, no saturation effects are observed, the
signal size varying linearly with laser power in the range
200-500 mW. Optical pumping effects are believed to be
negligible since nearly all atoms excited to the 6p 2Pj /2
decay to the ground state, the return transition to the
metastable state being one-electron forbidden.

4 Data analysis

4.1 Hyperfine structure and isotope shift

Marker fringes generated by the Fabry Perot cavity pro-
vided a local frequency reference every 150 MHz. The data

files themselves contain values of the voltage used to pilot
the laser frequency scan. The unequal voltage intervals
between successive FP transmission peaks indicate that
the laser scan is non linear. The frequency axis was thus
linearised piecemeal by imposing the constraint that the
interval between all peaks be constant. Next, the centres
of hyperfine components were located by fitting a Voigt
profile to the data points using a least squares method
(Levenberg-Marquardt). The frequency axis was then cal-
ibrated using the hyperfine splitting of the 4d°5s? 2Dj /2
state in either the isotope '°”Ag or °?Ag, both of which
have been measured very precisely by radio-frequency
spectroscopy [12]. A comparison of the hyperfine splitting
of the other isotope predicted from the experimental data
provides a test of the accuracy of the linearisation proce-
dure. From these data we extract values for the hyperfine
constant A of the 4d'%6p 2P3/2 state for both isotopes: if
the 1J coupling approximation is valid then the splitting
is just equal to 2A. The frequencies of the centroids v, of
the hyperfine structures of each isotope are calculated by
taking moments of their theoretical amplitudes:

1
Ve = ﬂ(l/gg + 991 + 141/32) (1)

where, for example, vo corresponds to the frequency of
the component ' = 2 — F’ = 2. The isotope shift
Spi07109 — 3 (19A ) — 1 (197 Ag) is calculated from the
frequency difference of the centroids.

The results are presented in Table 1.

4.2 Transition frequency

Using the value of the FSR of the Fabry Perot cavity, the
frequency of the absorption component (F' =3 — F/ =2
in 197Ag) was linked to that of the molecular iodine ab-
sorption lines. For the latter, the peak centres were located
from a fit to a Lorentzian profile.

4.3 Systematic effects
4.3.1 Zeeman effect of the hyperfine structure

The presence of a magnetic field B in the interaction
region gives rise to a shift of the Zeeman sub-levels in-
volved in the transition. The frequency of the transition
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4d%5s* ?Dy o F, Mp — 4d"6p ?Py o F', Mp. is displaced
by [13]:

Av = (upB/h)(gp Mp: — grMF) (2)

where up is the Bohr magneton, h the Planck constant
and gr and gp/ the values of the Landé factors of the
levels involved. These are shown in Table 4. In our ex-
periment the polarisation is almost linear, in which case
there is only a broadening but, to first order, no overall
shift of the line centres. To place an upper limit on any
systematic shift, we consider the case of pure circular po-
larisation which would excite transitions with |[AMp| = 1.
In this case, the frequency of the Zeeman component
(F=2,Mp =2— F =1,Mp = 1) is shifted by about
1.6 MHz/G, that of (F =2, Mp=2— F' =2, Mp =1)
by 1.1 MHz/G and (F =3, Mp =3 — F' =2, Mp = 2)
by 1.4 MHz/G. The measured hyperfine splitting of the
state 4d'06p 2P3/2 would be altered by at most 0.5 MHz/G
and that of 4d°5s> 2D5/2 by 0.3 MHz/G. For B =0.5 G
this gives shifts of 0.25 MHz and 0.15 MHz. Since the laser
polarisation is essentially linear, the actual shifts are es-
timated to be much smaller than the values above and
hence negligible compared to other sources of uncertainty.

4.3.2 Quadratic Stark effect

In the presence of a static electric field of amplitude E a
level |n) of energy E, undergoes a displacement

|(n]eE - r[k)|? n|eE r|k)|?
N ®)

where e is the electronic charge and Ej the energy of a
level |k). An upper limit on this effect can be estimated
using a value for the matrix element of eag where ag is
the Bohr radius and an energy denominator correspond-
ing to a wavelength of 600 nm. In our experiment, the
Aquadag coating of the walls surrounding the interaction
region helps reduce stray fields. Experiments performed
elsewhere have indicated these fields can be as small as
15 mV/cm [11]. A pessimistic value of 1 V/cm would pro-
duce a shift of a few kilohertz which is negligible.

4.3.3 First-order Doppler shift

If the angle at which the laser crosses the atomic beam
is different from 90° the frequency at which the atom ab-
sorbs is shifted by the first-order Doppler effect. Since the
displacement is of order 1 MHz/mrad, this is potentially
the most serious source of systematic error. In order to
overcome this difficulty, for measurements of the abso-
lute frequency of the transition, the trajectory of the laser
beam is adjusted to intersect the atomic beam at a slight
angle to the perpendicular so as to produce a deliberate
shift. The laser beam is then retro-reflected so as to induce
a second resonance with an equal but opposite Doppler
shift. In this way, for each hyperfine component, two sets

Table 2. Absolute frequencies (in MHz) of hyperfine compo-
nents of the transition 4d°5s? 2D5/2F — 4d*%6p 2P3/2F The
standard uncertainty of each value is 60 MHz.

Isotope r F’ Frequency
197 g 2 2 547 375 614
109Ag 2 1 547 375 634
19Ag 3 2 547 376 049
109Ag centroid 547 375 876
W07Ag 2 2 547 376 630
107 Ag 2 1 547 376 648
197 Ag 3 2 547 377 010
07Ag centroid 547 376 858

109Ag 197Ag  centroid of both 547 376 385

of peaks are observed with slightly different frequencies.
The average of the two values gives the rest frequency. A
fine application of this approach is described in [14].

4.3.4 Non-linearity of the laser frequency scan

Errors due to departures from linearity of the laser fre-
quency scan are revealed by a comparison of measured
and predicted hyperfine structure intervals (cf. Tab. 2).
The discrepancies are of the order 0.15 MHz for intervals
of about 400 MHz. This corresponds to 0.40 MHz for the
isotope shift (—983 MHz) or 0.45 MHz for the frequency
relative to the molecular iodine components.

4.3.5 Other sources of systematic shift

Since measurements on Ag are performed on an atomic
beam in a vacuum better than 10~ mbar, collisional shifts
are negligible. For the frequencies of the iodine compo-
nents, temperature corrections are necessary only to ob-
tain absolute accuracies at the few kilohertz level. Light
shifts affect the measurement of the 4d'%6p %P5 /2 hyper-
fine splitting at the level of 100 kHz for the laser intensities
employed in our experiment. Individual peaks could not
be fitted to this level of accuracy so no systematic study
of the laser power dependence of the positions was carried
out. The second order Doppler shift is of order 1 kHz and
thus totally negligible at the level of accuracy obtained in
this experiment.

4.4 Discussion

In Table 3 we present the values of hyperfine data and
isotope shift obtained from the ensemble of our data.
The uncertainties quoted are the sample standard devi-
ations, compared with which the systematic effects dis-
cussed above are negligible.
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Table 3. Magnetic hyperfine interaction constants and isotope shift (MHz).

This work 9] [15] [16]
A(6°P3,2) (""" Ag) —8.4(6) —5(2)  —9.05(25) —
A(6°P32)("Ag)  —10.2(6) —-9(2) — —
Syto7:109 —982.6(5.4) —976(8) — —960(15)

4.4.1 Hyperfine structure

The hyperfine structure of the metastable 4d°5s% 2Dj /2
state of both isotopes has been determined by
Blachman et al. [12]. For the 4d'%6p 2P3/2 state, the hy-
perfine structure of the isotope 197 Ag has been measured
by a quantum beat method by Bengtsson et al. [15] who
found (A = —9.05(25) MHz). Our result of —8.4(6) MHz
lies somewhat below their value though the error bars of
both measurements overlap. For the isotope '%°Ag, if one
neglects the small hyperfine anomalies, the combined re-
sults of Bengtsson et al. and Blachman et al. would imply
a value A(6p ?P3/5) = —10.4(3) MHz. Our own result,
—10.2(6) MHz, is in good agreement with this number.
Our values are also in rough agreement with those ob-
tained by Dinger et al. [9] who found A(}®9Ag) = —9(2)
and A(1%"Ag) = —5(2) MHz.

4.4.2 |sotope shift

The isotope shift of the transition at 547 nm was
first measured by Rasmussen [16] who deduced a value
of —960(15) MHz from a spectrum of two Doppler
broadened components observed in emission from a dis-
charge lamp. To check whether the value of Rasmussen
was reasonable, Larkins and Hannaford [8] estimated a
value of —1010 MHz based on the isotope shift of the
4d'%5p 2P1/2 — 4d%5s2 2D3/2 transition at 1937.2 nm
measured by Fischer et al. [17] and plausible assump-
tions concerning the mass and field shift contributions.
Our measured value of —982.6(5.4) MHz lies midway be-
tween the result of Rasmussen and the estimate by Larkins
and Hannaford. Dinger et al. [9] obtained a more precise
value of —976(8) MHz using collinear laser spectroscopy.
We confirm this value to within their error bar.

4.4.3 Transition frequency

The frequencies of all the hyperfine components are pre-
sented in Table 4. The uncertainty of 60 MHz comes
from the calibration of the iodine lines whose frequen-
cies have been measured by Gerstenkorn and Luc [18,19].
Shifts arising from temperature differences between our
iodine cell and that used to produce the Aimé Cotton
atlas are below 1 MHz. Other sources of error are negli-
gible at this level. Our value of v = 547 376 385(60) MHz
for the centroid of the transition lies 64 MHz below that

Table 4. Landé factors of the hyperfine levels involved in the
transition.

Level gr
Py F'=1 4/3
*Py;p F'=2 5/3
*Dsp F=2 6/5
*Dssp F=3 17/5

of v = 547376 449(60) MHz published by Larkins and
Hannaford [8] though the error bars of both measure-
ments overlap. Dinger et al. [9] published values of the
centroids for both 199 Ag (547 375 830(60) MHz) and 107 Ag
(547375880(50) MHz). Our results lie within 22 MHz of
theirs for 1% Ag and within 46 MHz for 07 Ag.

5 Conclusion

We have performed measurements on the transition
4d'0552 2D5/2 — 4d'%6p 2P3/2 in Ag I near A = 547 nm
using laser spectroscopy of a metastable atomic beam. In
particular, we have determined the '°7Ag—199Ag isotope
shift and hyperfine splittings of the components involved.
We believe our measurement of the isotope shift of this
transition to be the most accurate performed thus far. Our
determinations of the absolute frequencies of the hyperfine
components confirm the values obtained by other authors
with similar resolution (60 MHz). We have shown that
laser induced fluorescence provides one way of detecting
a beam of silver atoms in the metastable 4d'%5s2 2Dy /2
state with a low background. This work should have
applications relating to two-photon spectroscopy of the
4d'055 281/2 — 4d°55? 2D5/2 transition, as well as to sin-
gle photon spectroscopy of transitions originating from the
metastable 4d°5s2 2Dy /2 levels of silver.
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